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The photoperiodic induction of the development of gonads in many species of

birds of mid and high latitudes has become an extensively investigated phenomenon.

(See Farner, 1959, 1961; Farner and Follett, 1966; Wolf son, 1966, for reviews.)

An interesting characteristic of the response, at least in some species, is that the

stimulatory photoperiod need not consist of an uninterrupted daily period of light ;

it may instead be replaced effectively by a series of flashes of light following an

otherwise nonstimulatory photoperiod, or simply by a daily series of adequately

spaced short photoperiods. (See, for example, Benoit, 1936; Burger, Bissonnette,

and Doolittle, 1942; Straffe, 1950; jenner and Engels, 1952; Farner, Mewaldt,

and Irving, 1953; Farner, 1958, 1959, 1964b, 1965a; Wolfson, 1959a,b,c,d, 1960,

1966.) Earlier investigations of this characteristic of the photoperiodic testicular

response in the White-crowned Sparrow (Zonotrichia leucophrys gawibelii) led to

the hypothesis of a "carry-over period" (Farner, Mewaldt and Irving, 1953;

Farner, 1958, 1959, 1964a) that rationalized the induction of growth of the testes

in response to flashes of lights by assuming the persistence of a light effect into the

ensuing dark period. More recently the interpretation of responses to interrupted

light has been complicated by the discovery (Hamner, 1963, 1964, 1965) of a

circadian function in the mechanism of photoperiodic testicular response of the

House Finch (Carpodacus iiic.ricauus}. Similar functional relationships have been

confirmed for the House Sparrow (Passer doinesticns) by Menaker (1965), for

the Slate-colored Junco (Jnnco hycmalis} and the Bobolink (Dolichony.v oryzivo-

nis} by Wolfson (1965a, b, 1966), and for Z. 1. i/oinbclii by Farner (1964b,

1965b). Farner (1965b) presented evidence that suggests that the nature of this

circadian component in Z. I. i/auibclii is a periodicity in photosensitivity of the

response mechanism.

These demonstrations of a circadian function in the response mechanism have

necessitated modification of the original "carry-over"' hypothesis. This modification

is based on a summation of derived rates from the photosensitivity curve (Farner,

1965b) for a series of daily photoperiods of increasing duration (8L 16D through
20L 4D to continuous light) and a comparison of the rates obtained by summation

with those based on direct measurements of responses to the same series of photo-
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periodic treatments (Farner and Wilson, 1957). The rates obtained by summation

were found to exceed the measured rates as a regular function of the duration of

the photoperiod. The simplest explanation for this relationship is that the rates

presented by Farner (1965b) must include "carry-over effects" from the 2-hour

photoperiods and that the magnitude of the "carry-over effect" also is a function

of the cycle in photosensitivity.

Although direct evidence is lacking, it appears that the "carry-over" effects

from brief flashes (1-10 seconds) are of short duration and are probably associated

with the function of receptors or neural transmission (Farner, 1958). Other

functions that could provide possible bases for "carry-over effects," especially of

longer duration, include the release and transport of neurohormone from the

median eminence, release of gonadotropin from the adenohypophysis, the survival

time of gonadotropin in the circulating blood, and the nature of the action of

gonadotropin on the growth processes of the gonad. There is now experimental
evidence for the existence of "carry-over effects" of long duration (hours or days),
that may be explainable on the basis of one of these mechanisms. For example, in

Carpodaciis mexicanus a stimulatory photoperiod has a growth-promoting effect on

the testes for as long as 72 hours after the cessation of the photoperiod (Hamner,
1964). The experiments described herein were designed to investigate further these

long-persisting "carry-over effects" in Zonotrichia leucophrys gambelii by subjecting
birds to a variety of cyclic photoperiodic treatments. It is the function of this

paper to communicate the results of these experiments with respect to the rate of

development of the gonads and the concentration of gonadotropin in the adeno-

hypophysis.

THE EXPERIMENTS

Basic to the design of the experiments are certain characteristics of photo-

periodically induced gonadal growth in Zonotrichia leucophrys gambelii (Farner
and Wilson, 1957; Farner, 1959, 1964b

;
Farner et al., 1966). Of primary import-

ance is the logarithmic nature of testicular growth from resting weight (ca. 2 mg.)
to ca. 250 mg. and of ovarian growth from resting weight (ca. 5 mg.) to ca. 50 mg.
under photoperiodic stimulation. The relationship between gonadal weight and
time subjected to fixed daily stimulatory photoperiods may be expressed quite

accurately by :

log Wt
----

log W + kt

where W is the resting gonadal weight (in mg.), Wt is the gonadal weight on day t

after the beginning of photoperiodic stimulation, t is time (in days), and k is the

logarithmic growth-rate constant (in days
-1

) .

For these experiments we adopted initially the admittedly oversimplified working

hypothesis that each long day causes a fixed logarithmic increment of gonadal

growth even though isolated by intervening days with short, non-stimulatory

photoperiods. It was assumed that the short, non-stimulatory photoperiods make
no positive contribution to gonadal growth, a reasonable assumption since males

show no demonstrable growth after many months on 8-hour daily photoperiods
(Farner and Wilson, 1957). Although there is a small non-photoperiodic growth
of the ovary under such conditions (Farner et al., 1966), it is negligible within the

context of these experiments. Thus groups of birds were subjected to a variety
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of cycles of the type L wS (L = day with long, stimulatory photoperiod ; S = day
with short, non-stimulatory photoperiod ;

n refers to the number of short days

interposed between long, stimulatory days; it may take the value of or any

integer).

If the working hypothesis were correct, it follows that k expressed in cycles
~ l

(rather than days
~ 1

), should be constant for all groups. A value of k (in cycles
-1

)

greater than that obtained with daily stimulatory photoperiods (n 0) would then

be quantitative evidence for a "carry-over effect." Conversely a value of k less

than that obtained with daily stimulatory photoperiods would be evidence for

significant gonadal regression between the days with long daily photoperiods.

From previous experience with Zonotrichia leucophrys gambelii we selected a

20-hour photoperiod (followed by four hours of dark) for the long day (L) and

an 8-hour photoperiod (followed by sixteen hours of dark) for the short day (S).

Experiment I. Birds were captured from migrant flocks during early and mid-

September. On 30 October they were transferred indoors and held on 8-hour daily

photoperiods (09:00-17:00) until exposure to the experimental lighting regimens.
Six groups of 15-20 birds each were submitted to the following treatments: Group
L lt a long daily photoperiod every day beginning on 16 November; Group L 2 ,

the

same regimen but beginning on 24 December ; Group L S, alternating days with

long and short daily photoperiods; Group L 2S, repeated cycles of one day with

long daily photoperiod followed by two days with short daily photoperiods ; Group
L 3S, repeated cycles of one day with long daily photoperiod followed by three days
with short daily photoperiods ; Group L 5S, repeated cycles of one long day followed

by five days with short daily photoperiods. Control Group L
2 was necessary

because of the increase in photosensitivity that occurs as a function of time held

on short daily photoperiods (Laws, 1961 ; Farner, 1962; Farner and Follett, 1966).
The number of cycles, varying from 20 for L

x
and L

2 to 10 for Group L 3S, was
determined by the rate of testicular growth. All birds were killed when the com-

bined testicular weight was about 100 mg. or when the ovarian weight was about

30 mg. and therefore within the linear portion of the logarithmic growth curve

(Farner and Wilson, 1957; Farner et al., 1966). The control birds were killed

at 10:00, one hour after the beginning of the photoperiod. All other birds were

killed at 10 :00 on the first short day in their respective cycles.

Experiment II. In principle, this experiment was similar to Experiment I

except that more highly photosensitive birds were used. First-year males were

captured during autumn migration or from the over-wintering population in the

Snake River Canyon near Pullman. They were moved from outdoor aviaries to

indoor cages and 8-hour daily photoperiods on 29-31 January. Subsequently they
were divided into four groups ( 12-14 per group) as follows : Group L, Group L 2S,

Group L 3S and Group L 5S. The photoperiodic schedules were identical with

those for the corresponding groups in Experiment I. The experimental photo-

periodic regimens were begun on 11 March.

Experiment III. This experiment was an attempt to identify the periods of

synthesis and release of gonadotropin in birds subjected to a photoperiodic cycle
with both long and short daily photoperiods. The particular regimen selected was
L 3S ; the experiment was begun with 39 first -year birds on 11 March. After ten

complete cycles birds were killed on the following schedule : At the beginning and
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TABLE I

The effect of alternation of long days and short days on the rate of
testicular growth in Zonotrichia leucophrys gambelii

Group
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FIGURE 1. Testicular growth rates of Zonotrichia Icucophrys gambelii as a function of

short days (8L 16D) interposed with long days (20L 4D). The birds used in Experiment II

had been held longer on short days and were therefore more photosensitive.
- Experiment I.

Experiment II.

twice over the next four days. The glands were then air-dried and stored in vacua

at C. over phosphorus pentoxide until assay.

Gonadotropins were assayed by the method of Breneman et al., (1962) as

modified by Follett and Farner (1966). Glands from several birds were normally

pooled and a single assay of the 2 + 2 type performed with 8-10 chicks at each

dose level. The results from each assay were subjected to a full analysis of

variance (Bliss, 1952). Potency estimates are given, together with 95% confidence
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TABLE II

The effect of alternation of long days and short days on the rate of ovarian growth
in Zonotrichia leucophrys gambelii Experiment I

Group
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FIGURE 2. Gonadotropin content of the anterior pituitary gland of males (Zonotrichia

Icucophrys gambelii) in ^g. equivalents of NIH-LH as a function of short days (8L 16D)
interposed with long days (20L 4D). Vertical bars define the 95% confidence limits.

weight was 76.7 mg., a value significantly lower (P < 0.05) than the weight after

seven short days.

A recent series of ingenious experiments by Wolfson (1966) inject a further

parameter into the performance of photoperiodic mechanisms. With Junco hyemalis
it was found that the photoperiodically induced gonadal growth initiated with

16L 8D continued for as long as 18 days in uninterrupted continuous darkness,

during which time the birds showed a long-day circadian periodicity in motor

activity. Birds that were changed to a short-day regime (9L 16D) instead of
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TABLE III

The effect of alternation of long days and short days on the concentration of

gonadotropin in the anterior pituitary gland of male

Zonotrichia leucophrys gambelii

Group
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TABLE IV

The effect of alternation of long days and short days on the concentration of

gonadotropin in the anterior pituitary gland of female
Zonotrichia leucophrys gambelii Experiment I

Group
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FIGURE 3. Gonadotropin content of the anterior pituitary of males (Zonotrichia leucophrys

gambclii) in fj.g. equivalents of NIH-LH in a cycle consisting of one long day (20L 4D)
followed by three short days (8L 16D). Black and white bars depict dark and light periods,

respectively. Vertical bars define the 95% confidence limits.

In Experiment I there was a close linear relationship between the concentration

of pituitary gonadotropin and the number of short days per cycle (Fig. 2). This

suggests that synthesis occurs during the short days without release, or at least

with a lower rate of release, with a consequent accumulation of gonadotropin

proportional to the number of short days. This conclusion is also supported by
the ratios of gonadotropin content to the number of days per cycle ; these ratios

are L, 2.7; L S, 3.3; L 2S, 3.4 and L 5S, 2.6. Particular significance here lies in

an apparent separation of the mechanisms that control synthesis and release of

adenohypophysial gonadotropin. The absence of a similar relationship in Experi-
ment II is difficult to explain ; however, it may also reflect a separation of the

mechanisms of control of synthesis and release since we (Follett and Earner, 1966)
have shown that the photoperiodic history of an individual bird profoundly affects

the storage level of pituitary gonadotropins, a prolonged exposure to short daily

photoperiods resulting in a steady increase in concentration (Fig. 2). Thus in

Experiment II it is possible that the pituitary gonadotropins were already at

maximal level and that further storage was not possible. It is significant in this

context that the rates of gonadal growth are essentially similar in Experiments I

and II (Table I and Fig. 1), suggesting that the differences in pituitary gonad-

otropic potency between the groups probably are associated with the control of

synthesis rather than with the rate of release.
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FIGURE 4. Hypothetical gonadal growth rates for Zonotrichia leucophrys gambelii under

(a) continuous long days (upper) and (b) during a cycle consisting of a long day followed by
three short days (lower). The shaded area above is characteristic for each L, i.e., daily.

The shaded area below is characteristic of each L 3S cycle.

Experiment III (Fig. 3) was designed to explore more precisely the periods
of synthesis and release in an L S cycle and thus assist in the interpretation of

Experiments I and II. Although it might be expected that the main release of

gonadotropin would occur during the long daily photoperiod no differences were
detected in gonadotropins over this time. The simplest explanation must be that

rate of synthesis during the long day is equal to the rate of release of hormone
with no change in glandular content. During the period of 12 hours following
the long daily photoperiod there was a significant drop in pituitary gonadotropins

(P < 0.05 ) ;
the rate of synthesis at this time can then be assumed to have decreased

from the rate during the long photoperiod whereas there must have been continued

release. In any case the decrease supports the case of a short-term "carry-over
effect" (see Earner and Follett, 1966) of hypothalamic or pituitary origin that

causes continual release of hormone into the dark period. Alternatively one could

consider that the main release of gonadotropin does not occur during the long

daily photoperiod but subsequent to it ; this hypothesis seems unlikely since the

maximal rate of testicular growth occurs in continuous light (Earner and Wilson,

1957).

During the final two and one-half days of short photoperiods of the cycle there

is an increase in adenohypophysial gonadotropin. Again there appears to be at

least a partial separation of the controls of the rates of synthesis and release, the

former exceeding the latter. These data provide an experimental basis for

rationalization of the results of Experiment I in which the concentration of pituitary

gonadotropin is directly related to the number of short days per cycle (Fig. 2).

Finally, it seems probable that the increased rate of gonadal growth (in cycles
-1

)

in the groups subjected to L S cycles involves a persistent anabolic action of

gonadotropin on the gonad, an action that apparently persists for 7-11 days after

the long photoperiod. The increase in pituitary gonadotropins as a function of the
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number of short days per cycle in Experiment I provides a further suggestion

of separate control of the synthesis and secretion. Although the exact timing of

the release of hormone caused by a stimulatory photoperiod remains to be elucidated,

it becomes evident after the end of the long daily photoperiod.

SUMMARY

The characteristics of the gonadal photoperiodic responses in the White-crowned

Sparrow, Zonotrichia leucophrys gambelii, have been examined by the use of cyclic

photoperiodic regimes consisting of a day with a long photoperiod followed by n

days with short, non-stimulatory daily photoperiod, n with the range 0-5 ; responses
measured were the rates of gonadal growth and the concentration of pituitary

gonadotropin. The gonadotropic effect of a single 20-hour photoperiod extends

through at least seven days with short (8-hour) non-stimulatory photoperiods.
The apparently simplest interpretation of the results of the experiments suggests that

there must be separate, although perhaps not completely independent, control

schemes for synthesis and release of pituitary gonadotropin.
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